. Cryptic introgression into the Kidney saxifrage (Saxifraga hirsuta) from its more abundant sympatric congener Saxifraga spathularis, and the potential risk of genetic assimilation.
• Background and Aims Although hybridization can play a positive role in plant 1 evolution, it has been shown that excessive unidirectional hybridization can result in 2 replacement of a species' gene pool, and even the extinction of rare species via genetic 3 assimilation. In the present study, we have examined levels of introgression between 4 the common Saxifraga spathularis and its rarer congener S. hirsuta, which have been 5 observed to hybridize in the wild where they occur sympatrically. 6
• Methods Seven species-specific single nucleotide polymorphisms (SNPs) were 7 analyzed in 1025 plants representing both species and their hybrid S. x polita from 29 8 sites across their ranges in Ireland. In addition, species distribution modelling was 9 carried out to determine whether the relative abundance of the two parental species is likely to change under future climate scenarios. • Key results S. spathularis individuals tended to be genetically pure, exhibiting little or 12 no introgression from S. hirsuta, but significant levels of introgression of S. spathularis alleles into S. hirsuta were observed, indicating that populations exhibiting S. hirsuta morphology are more like a hybrid swarm, consisting of backcrosses and F 2 s. Populations of the hybrid, S. x polita, were generally comprised of F 1 s or F 2 s, with some evidence of backcrossing. Species distribution modelling under projected future climate scenarios indicated an increase in suitable habitat for both parental species.
• Main conclusions Levels of introgression observed in this study in both S. spathularis 20 and S. hirsuta would appear to be correlated with the relative abundance of the species. Significant introgression of S. spathularis alleles were detected in the majority of the S. hirsuta populations analysed and, consequently, ongoing Page | 2 Page | 3 4 5 6 7 introgression would appear to represent a threat to the genetic integrity of S. hirsuta, 1 particularly in areas where the species exists sympatrically with its congener and 2 where it is greatly outnumbered. Hybridization is a common phenomenon in plant taxa, and can result in a wide range of potential evolutionary consequences, both positive and negative (Barton 2001). The process can give rise to the evolution of new species (Anderson & Stebbins 1954; Seehausen 2004) , and introgression can act as a source of potential adaptive variation (Lewontin & Birch 1966) , but excessive unidirectional hybridization can result in replacement of a species' gene pool (Beatty, Philipp & Provan 2010) and has even been implicated in the extinction of rare species via genetic assimilation (Levin, Francisco-Ortega & Jansen 1996) . It is thus clear that no single evolutionary trajectory results from the process of hybridization, and the unpredictability of the final outcomes has led to ongoing interest from researchers.
In recent years, global climate change has led to shifts in the distribution ranges of many species (Parmesan & Yohe 2003; Hickling et al. 2006; Kelly & Goulden 2008) .
One consequence of these range shifts is the creation of novel species assemblages. Such ecosystem reorganizations offer new opportunities for hybridization between species that would otherwise remain isolated from each other, both ecologically and reproductively (Garroway et al. 2010; Muhlfeld et al. 2014; Potts et al. 2014 ). In addition to observational studies on emergent hybridization, species distribution modeling approaches are now being employed to determine the role of future range dynamics in the potential creation of new hybrid zones (Sanchez-Guillen et al. 2014) . To date, however, these models have not been applied to assess the possible impacts of climate change on existing known hybrid zones in the context of potential genetic assimilation.
Saxifraga spathularis Brot. and S. hirsuta L. are both members of the Lusitanian flora, whose disjunct distribution between Ireland and northern Spain has been of great intrigue to botanists (Webb 1983; Beatty & Provan 2013 . Both species belong to the Saxifraga Section Gymnopera, which also includes two other members, S. umbrosa L. and S. cuneifolia L. S. umbrosa readily hybridizes with both S. spathularis, resulting in S. x urbium, an artificially induced/propagated hybrid commonly referred to as London Pride, and with S. hirsuta, resulting in S. x geum L., a wild naturally occurring hybrid, found where the ranges of the two parental species overlap in western Pyrenees (Webb & Gornall 1989) . S. cuneifolia, however, does not form hybrids with any of its congener species, either in the wild or artificially. The two Lusitanian species exhibit contrasting patterns of occurrence throughout their divided ranges. In the Iberian reaches of their range, S. hirsuta is more commonplace, stretching from the mountains of Galicia and Andalusia in the northwest, across northern Spain to the Pyrenees, compared to the more limited range of S. spathularis, which is restricted to the northwestern corner of Iberia. In Ireland, however, levels of abundance are reversed: S. spathularis is significantly more abundant and wide-ranging, being found throughout the south and west of the country, primarily Counties Galway, Kerry, Cork and Waterford, whilst S. hirsuta is limited to the extreme southwest in Counties Cork and Kerry. Both species have similar habitats although S. spathularis reaches a greater altitude and S. hirsuta is less tolerant of exposed sites. A putative hybrid between the two species, S. x polita (Haw.) Link, has been identified in both the Irish and Iberian parts of their range. Records of S. x polita are rare in Iberia compared to Ireland, most likely due to the relatively limited area of overlap in the parental species' ranges in Iberia, and the fact that where they do, they tend to occupy (McGregor, 2008) . In Ireland, however, the hybrids are common where both species co-occur in Counties Cork and Kerry and, interestingly, also in Co. Galway, where only one of its parental species, namely S. spathularis, occurs (Webb 1951) .
Given the previously documented threats of genetic assimilation by a more abundant congener in other plant species, and the relative abundances of S. hirsuta and S. spathularis, along with the occurrence of the hybrid S. x polita in Ireland, the questions addressed in the current study were: (1) Is there evidence of introgression of S. spathularis alleles into S. hirsuta? (2) If so, to what level is the introgression occurring and is it placing the gene pool of the rare S. hirsuta under threat of genetic assimilation?
(3) What is the genetic composition of S. x polita hybrid populations? (4) Is the distribution of the two parental species is likely to change under future climate scenarios, and thus increase or decrease the likelihood of hybridization? Single nucleotide polymorphism (SNP) ascertainment and genotyping Species-specific single nucleotide polymorphisms (SNPs) were developed from an ascertainment set containing four individuals of each of the two parent species using the ISSR cloning method outlined in Beatty, Philipp & Provan (2010) . Allele-specific PCR (AS-PCR) primers were designed as described in Provan et al. (2008) , and SNP analysis carried out as described in Beatty, Philipp & Provan (2010) . In total, 1025 individuals were genotyped for seven SNP loci (Table 2) .
Data analysis
As populations studied comprised a mixture of parental species and hybrids, and thus were unlikely to be close to Hardy-Weinberg equilibrium, the commonly used software 
RESULTS

Genetic analyses
Analysis of 1025 individuals from all three species, including potential hybrid S. x polita populations, indicated a broad spectrum of intra-individual allele frequencies, ranging from 100% S. spathularis to 100% S. hirsuta , with all levels of intermediate allelic composition and hybrid classification evident (Figure 2 ). S. spathularis individuals tended to be largely genetically pure, exhibiting little or no introgression from S. hirsuta.
Most individuals were either 100% S. spathularis, and less than 5% of individuals exhibited more than two S. hirsuta alleles. This was reflected in the NEWHYBRIDS analysis, which assigned the majority of the individuals clearly to S. spathularis, and only four as having a majority chance of falling onto the BC S. spathularis class. In total, S. hirsuta alleles only accounted for 4.7% of the S. spathularis gene pool of the populations analysed. There was much greater evidence for introgression of S. spathularis alleles into S. hirsuta populations, with less than 15% of individuals exhibiting 100% S. hirsuta alleles. Overall, the level of introgression of S. spathularis alleles into S. hirsuta populations was 19.2%, significantly higher than the opposite scenario (Mann-Whitney test; z = -14.37, P < 0.0001). Six individuals exhibited S. spathularis alleles at a frequency greater than 0.5. The NEWHYBRIDS analysis showed high levels of assignment to the BC S. hirsuta class, indicating that populations exhibiting S. hirsuta morphology are more like a hybrid swarm, also containing some F 2 s. Populations of the hybrid, S. x polita, were generally comprised of F 1 s or F 2 s, with some evidence of backcrossing. All hybrid individuals exhibited a mixture of alleles from both parental species. In total, S. spathularis alleles were slightly predominant, at a frequency of 0.536.
Species distribution modelling
The mean AUC values (0.881 [sd = 0.034] and 0.957 [sd = 0.037] for S. spathularis and S. hirsuta respectively) indicated a prediction that was far better than random. The present-day (2000) models for both species were an accurate representation of their actual distributions, and projected future distributions indicated an increase in suitable habitat for both species (Figure 3) . A comparison of the area in southwest Ireland, where both species are currently found sympatrically, indicated an increase in suitable cells of ca.
18% for S. spathularis between 2000 and 2080, and an increase of ca. 91% for S. hirsuta over the same time period (Figure 4 ). The proportion of suitable cells for S. hirsuta that were also suitable for S. spathularis rose from 94% in 2000 to 100% in 2050 and 2080. spathularis and S. hirsuta, but particularly the latter. Nevertheless, despite developing primer pairs from the ISSR libraries to amplify 96 sequence-tagged sites (STS), we only managed to develop seven sets of AS-PCR primers that could consistently be used to genotype SNPs. This was mainly due to difficulties in amplifying the orthologous locus in S. hirsuta using primers developed from the S. spathularis ISSR library, even after relaxing PCR conditions by lowering the annealing temperature. This was surprising, given the fact that they are sister species (Sanna 2013) , and given that cross-genus amplification of orthologous loci was possible using the same ISSR-based approach in Pyrola (Beatty, Philipp & Provan 2010 ). Furthermore, it should be borne in mind that genetically more similar orthologues might be more likely to undergo recombination, thus facilitating introgression.
The findings of this study would seem to indicate that levels of introgression are primarily density-dependent. This is most apparent in Cleanderry Wood (Site 17, Figure   2 ), which is the only location that harboured a large proportion ( Figure 2) , where S. spathularis is absent (0.347; Mann-Whitney test; z = -5.53, P < 0.0001). Such density-dependent introgression has previously been cited as a threat to the persistence of a rare species sympatrically with a more abundant congener (Ellstrand & Elam 1993; Burgess et al. 2005; Chan et al. 2006; Lajbner et al. 2009; Beatty, Philipp & Provan 2010) .
Individuals identified as S. x polita all contained a mixture of parental alleles, with S. spathularis allele frequencies ranging from 0.214 to 0.928. The majority were assigned in the NEWHYBRIDS analysis to F 1 or F 2 classes, with some backcrosses to both S. spathularis and S. hirsuta. This is consistent with the observation that wild hybrids within Section Gymnopera (S. x polita in Ireland and S x geum in the western Pyrenees) are fertile, and form hybrid swarms that display a full range of intermediate morphologies between the relevant parental species (Webb 1951; McGregor 2008) . Given the apparent fertility of hybrids, and indications of density-dependent introgression, there is thus the real chance that, over time, the rarer S. hirsuta could be under threat of genetic assimilation by the more abundant S. spathularis (Levin, Francisco-Ortega & Jansen 1996; Beatty, Philipp & Provan 2010) . Indeed, over 50 years ago, Webb had already highlighted the fact that S. hirsuta was rarer than the hybrid S. x polita, and that "… S. hirsuta could not be maintained as a distinct species" (Webb 1951; Page 204) . attributed to misidentification of the hybrid (Stelfox 1947 ). An examination of herbarium samples held at the National Botanic Gardens of Ireland, Glasnevin, found a single sheet of S. hirsuta samples from the early 20 th Century, labelled as a "garden escape" and collected in the vicinity of Letterfrack, Co. Galway, which is on the periphery of the current distribution of both S. spathularis and S. x polita. It is possible that this -or other -garden plants might have contributed to the formation of populations of the hybrid.
Although S. hirsuta is generally far less common that S. spathularis in southwest Ireland, where both species occur sympatrically, species distribution modelling under future climatic scenarios indicated an increase in suitable habitat for the former relative to its congener. Assuming the asymmetric introgression observed in the present study is density-dependent, this would suggest that future introgression of S. spathularis alleles into S. hirsuta may not be as pronounced as at present. However, two potential caveats should be borne in mind. Firstly, it is well documented that such species distribution models only take into account climatic factors and tend not to incorporate other biotic and abiotic variables, such as species-species interactions (Pearson & Dawson 2003; Araújo & Guisan 2006) . Secondly, it is very possible that introgression of S. spathularis alleles may lead to a shift in the ecological and/or climatic niche of S. hirsuta, thus compromising these modelled potential future range expansions. Nevertheless, it is likely that ongoing environmental change will lead to changes in ecosystem function, and this could also be a factor at the level of the genome.
In conclusion, the levels of introgression observed in this study in both S. spathularis Page | 22
